Functionally graded materials (FGMs) are one of the advanced materials capable of withstanding the high temperature environments. The FGMs consist of the continuously varying composition of two different materials. One is an engineering ceramic to resist the thermal loading from the high-temperature environment, and the other is a light metal to maintain the structural rigidity. In the present study, the properties of the FGM plate are assumed to vary along the thickness direction according to the power law distribution, sigmoid distribution, and exponential distribution. The fundamental equations are obtained using the first order shear deformation theory and the finite element formulation is done using minimum potential energy approach. The numerical results are obtained for different distributions of FGM, volume fractions, and boundary conditions. The FGM plate is subjected to thermal environment and transverse UDL under thermal environment and the response is analysed. Numerical results are provided in nondimensional form.
Introduction
Composite materials are widely in use due to their intrinsic mechanical property such as high strength, modulus of elasticity, and lower specific gravity. Further, as a result of intensive studies into metallurgical aspects of material and better understanding of structural property, it has become possible to develop new composite materials with improved physical and mechanical properties. The functionally graded material (FGM) is one such material whose property can be useful to accomplish the specific demands in various engineering applications to achieve the advantage of the properties of individual material. This is possible due to the material composition of the FGM which changes according to a law in a preferred direction. The thermomechanical analysis of FGM structures is one dimension which has attracted the attention of many researchers in the past few years. The applications of FGMs include design of aerospace structures, heat engine components, and nuclear power plants.
A large number of research papers have been published to evaluate the behaviour of FGM using both experimental and numerical techniques which include both linearity and nonlinearity in various areas. A few of published literatures highlight the importance of the present work. The FGM can be produced by gradually and continuously varying the constituents of multiphase materials in a predetermined profile. Most researchers use the power law function (P-FGM), sigmoid function (S-FGM), or exponential function (E-FGM) to describe the effective material properties. Delale and Erdogan [1] indicated that the effect of Poisson's ratio on the deformation is much less as compared to that of Young's modulus. Praveen and Reddy [2] examined the thermoelastostatic response of simply supported square FG plates subjected to pressure loading and thickness varying temperature fields. They used the first order shear deformation plate theory (FSDT) to develop the governing equations. They reported that the basic response of the plates which corresponds to properties intermediate to those of the metal 2 International Journal of Metals and the ceramic does not necessarily lie in between those of the ceramic and metal. Reddy [3] found that the nondimensional deflection reached a minimum value at a particular volume fraction index. They used the power law function to calculate the material gradient. Cheng and Batra [4] computed deformations due to thermal and mechanical loads applied to the top and bottom surfaces of the rigidly clamped elliptic FG plate separately. It was found that the throughthickness distributions of the in-plane displacements and transverse shear stresses in a functionally graded plate do not agree with those assumed in classical and shear deformation plate theories. Reddy and Zhen [5] solved the problem using a higher order shear and normal deformable plate theory (HONSDPT) since, in the HOSNDPT, the transverse normal and shear stresses are computed from equation of the plate theory rather than by integrating the balance of linear momentum with respect to the thickness coordinate. It was reported that the assumption of constant deflection is not true for thermal load but it was found to be true for mechanical load. Qian and Batra [6] found that the centroidal deflection for a clamped plate is nearly one-third of that for simply supported plate, and the maximum magnitude of the axial stress induced at the centroid of the top surface is nearly 40% larger than that for a simply supported plate. Dai et al. [7] analyzed the plate under the mechanical loading as well as thermal gradient and found that the relations between the deflection and the volume fraction exponent are quite different under the two loadings. Ferreira et al. [8] used collocation method third order shear order deformation theory and presented the effect of aspect ratio of the plate and the volume fraction of the constituents on the transverse deflection. Chi and Chung [9, 10] studied the effect of loading conditions on the mechanical behaviour of a simply supported rectangular FGM plate. They assumed that Young's moduli vary continuously throughout the thickness direction according to the volume fraction of constituents defined by sigmoid function. The maximum tensile stress of the FGM plate was found to be at the bottom surface of the plate. Wang and Qin [11] concluded that the appropriate graded parameter can lead to low stress concentration and little change in the distribution of stress fields. They assumed that the thermoelastic constants and the temperature vary exponentially through the thickness. Mahdavian [12] obtained the equilibrium and stability equations based on the classical plate theory (CPT) and Fourier series expansion. They found that the critical buckling coefficients for FGM plates are considerably higher than isotropic plates. Ashraf and Daoud [13] derived the equilibrium and stability equations using sinusoidal shear deformation plate theory (SPT). It was concluded that the critical buckling temperature differences of functionally graded plates are generally lower than the corresponding ones for homogeneous ceramic plates. Alieldin et al. [14] proposed three approaches to determine the property details of an FG plate equivalent to the original laminated composite plate. They developed the equations of motion based on the combination of the first order plate theory and the Von Karman strains. Kyung-Su and Ji-Hwan [15] compared numerical results for three types of materials. It was found that the minimum compressive stress ratio is observed for the fully FGM plate with largest volume fraction index. Suresh et al. [16] studied the effect of shear deformation and nonlinearity response of functionally graded material plate and concluded that the effect of nonlinearity in functionally graded composite plates is more predominant in decreasing the deflections in thin plates for side to thickness ratio of 10. Mohammad and Singh [17] obtained the numerical results for different thickness ratios, aspect ratios, volume fraction index, and temperature rise with different loading and boundary conditions. They employed the boundary conditions; for example, all edges are simply supported (SSSS), all edges are clamped (CCCC), two edges are simply supported and two are clamped (SCSC), two edges are clamped and two are free (CFCF), all edges are hinged (HHHH), and two edges are clamped and two are hinged (CHCH). It was noticed that the maximum centre deflection was found for simply supported boundary conditions and least central deflection was found for clamped (CCCC) boundary conditions. Nguyen-Xuan et al. [18] applied the method for static, free vibration and mechanical/thermal buckling problems of functionally graded material (FGM) plates. They analysed the behaviour of FGM plates under mechanical and thermal loads numerically in detail through a list of benchmark problems. Alshorbagy et al. [19] concluded that FG plates provide a high ability to withstand thermal stresses, which reflects its ability to operate at elevated temperatures. Bhandari and Purohit [20] presented the response of FG plates under mechanical load for various boundary conditions, for example, SSSS, CCCC, SCSC, CFCF, CCSS, SSFF, SSSC, SSSF, and SSCF. The power law, sigmoid law, and exponential law were used for the calculations of the properties through the thickness. They also compared the behaviour of isotropic plates (ceramic and metal) with that of the FGM plates. It was concluded that the isotropic ceramic plate has the lowest tensile stress for all the boundary conditions. It was also reported that the maximum tensile stress occurs for CCFF boundary condition and the minimum tensile stress was observed for SCSC boundary condition. Bhandari and Purohit [21] presented the response of FG plates under mechanical load for varying aspect ratios. The power law, sigmoid law, and exponential law were used for the calculations of the properties through the thickness. They also compared the behaviour of isotropic plates (ceramic and metal) with that of the FGM plates.
With the increasing applications of functionally graded materials, it is vital to understand the behaviour of thermomechanical response of FG plates under various boundary conditions. It is also important to study the response of the FG materials following various material gradient laws, for example, power law function, sigmoid function, and exponential function for properties. In both power law and exponential functions, the stress concentrations appear in one of the interfaces in which the material is continuous but is rapidly changing. In sigmoid FGM, which is composed of two power law functions, there is a gradual change in volume fraction as compared to power law and exponential function. Power law function has been applied to many of the FGMs' but application of sigmoid function is sparse in literature. Power law function, sigmoid function, and exponential function have been used in various research works separately but the comparisons of the three FGM laws for various volume fraction exponents, ceramic and metal, have been sparse. In most of the research works, FGM plates with edges simply supported and clamped have been considered. Plate subjected to other boundary conditions, for example, clamped, free, hinged, and combined, is also useful but they have been rarely reported. Thermomechanical loaded FGM structures have been researched but thermally loaded plates have been rarely reported.
Keeping this in consideration, the objective of the present work is to examine the thermomechanical behaviour for various boundary conditions, various material gradient laws, and various volume fraction exponents. The results are presented in the form of nondimensional parameters. The comparison of isotropic ceramic, metal, and FGM plates is also presented.
Material Gradient of FGM Plate
The material properties in the thickness direction of the FGM plates vary with power law functions (P-FGM), exponential functions (E-FGM), or sigmoid functions (S-FGM). A mixture of the two materials composes the through-thickness characteristics. The FGM plate of thickness "ℎ" is modeled usually with one side of the material being ceramic and the other side being metal as shown in Figure 1 .
Power Law Distribution.
Material properties of P-FGM are dependent on the volume fraction ( ) which obeys power law as defined in
where is a parameter that dictates the material variation profile through the thickness known as the volume fraction exponent, ℎ is thickness of plate, and is depth measured from the neutral axis of the plate. The material properties of a P-FGM can be determined by the rule of mixture as given in
where ( ) is generic material property, for example, elastic modulus, at a particular depth , and are generic properties at top and bottom surface of the plate, and = 0 and ∞ denotes fully ceramic plate and fully metal plate, respectively.
Consequently, at bottom surface, ( /ℎ) = −1/2 and = 0; hence, ( ) = and, at top surface, ( /ℎ) = 1/2 and so = 1; hence, ( ) = .
Sigmoid Law Distribution.
Material properties vary continuously throughout the thickness direction according to the volume fraction of constituents defined by sigmoid function [8] . The volume fraction is calculated using two power law functions to ensure smooth distribution of stresses among all the interfaces. The two power law functions are defined by
By using the rule of mixture, Young's modulus of the S-FGM can be calculated by
where 1 is Young's modulus at the top surface and 2 is Young's modulus at the bottom surface.
Exponential Law.
Material properties vary continuously throughout the thickness direction according to the volume fraction of constituents defined exponentially through the thickness. Accordingly, the exponential law is defined as
Governing Equations

Displacement and Strain
Field. The FSDT theory [3] takes into account transverse shear strain in the formulation with the following assumptions.
(1) The transverse normals remain straight after deformation but may not be orthogonal to the midsurface of the plate.
(2) The out-of-plane normal stress = 0.
(3) The layers of the composite plate are perfectly bonded.
(4) The material of each layer is linear elastic and isotropic.
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Under the same assumptions and restrictions, the first order plate theory is based on the displacement field which can be expressed in the following form:
where ( 0 , V 0 , 0 , Φ , Φ ) are unknown functions to be determined.
The Von Karman nonlinear strains associated with the displacement field are ( = 0) given by
are the total strain components. The total strain components are the sum of the elastic strains (due to the applied mechanical loads) and thermal strains (due to temperature change). So the total strains are given by
The total strain components can be divided into tensile strain ( ) and shear strain ( ) components given by
where { 0 } and { 0 } are the nodal bending strains and the nodal shear strains, respectively.
Minimum Total Potential Energy Formulation.
For all the conditions of equilibrium, the potential energy is minimal. The minimum total potential energy formulation is a common approach in generating finite element models in solid mechanics. External loads applied to a body will cause the body to deform. During the deformation, the work done by the external forces is stored in the material in the form of elastic energy, called strain energy. The governing equations for the plate equilibrium are derived based on the principle of minimum total potential energy. So, the total potential energy takes the form as in
where
) is the thermal coefficient of expansion, and ( ) is the continuum temperature change through the plate thickness. Based on the International Journal of Metals 5 principal of the equivalent single-layer theories, a heterogeneous plate is treated as a statically equivalent, single layer having a complex constitutive behaviour, reducing the 3D continuum problem to 2D problem. The equivalent layer of the FG plate can be obtained by integrating the plate material properties through the plate thickness as in
where ] .
The ( ) are the equivalent material property types of stiffness as a function of the plate thickness direction ( ) which follows the power law function (2), sigmoid function ((3a) and (3b)), and exponential function (5). The equivalent material types of stiffness of isotropic FG plate are as in
where ( ) is the effective young's modulus, (= 5/6) is shear correction factor, and ] is the effective Poisson's ratio of the material through the plate thickness.
Finite Element Model.
The displacements and normal rotations at any point into a finite element " " may be expressed, in terms of the nodes of the element, as in 
where is the Lagrange interpolation function at node . The Lagrange interpolation functions for eight-node rectangular element ( Figure 2 ) are given by (19) in terms of the natural coordinates:
The nodal bending strain can be written as in 
6
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The nodal shearing strain can be written as in
where [ ] is the curvature-displacement matrix, [ ] is the shear strain-displacement matrix, and { 0 } are the nodal degrees of freedom. The total potential energy can be given in
The minimum potential energy principle states that
In another form,
where [ ], [ ] are the element bending and shear stiffness matrices, respectively, defined as in (25a) and (25b). { }, { } are the element thermal and mechanical load vectors, respectively, defined as in (26a), (26b), and (26c).
Consider
Substituting (20) and (21) into (9) and (11), the bending and shear strain vectors can be obtained. The normal stress components can be determined as in
The shear stress components are determined as in
Numerical Examples
To ascertain the accuracy and proficiency of the present finite element formulation, two examples have been analysed for thermomechanical deformations of the FGM plates. In this section, the finite element formulation of FGM plate described in previous section has been applied to a few problems to test its validity, versatility, and accuracy.
Example 1.
The results are compared with those given by Ferreira et al. [8] in which meshless collocation method and first order shear deformation theory have been used. A square (1 m × 1 m) simply supported FGM plate is considered for the investigation. The plate is made of a ceramic material (ZrO 2 : = 151 GPa, ] = 0.3) at the top surface and metallic material (Al : = 70 Gpa, ] = 0.3) at the bottom surface. The length to thickness ratio ( /ℎ) was taken to be 20. Volume fraction exponent studied was = 0; pure ceramic 0.5, 1.0, 2, and ∝; pure metal. Where is modulus of elasticity and ] is Poisson's ratio, the FGM plate problem with abovementioned inputs is solved by proposed finite element formulation, implemented through ANSYS Software. The properties were calculated using power law function and external mechanical load in the form of uniformly distributed load which have been applied with intensity of 10 kN/m 2 . The numerical solution of this FGM plate for nondimensional transverse displacement = /ℎ is computed for different values of volume fraction exponent " . " These results are reported in Table 1 .
The comparison of present results with those of Ferreira et al. 's [8] shows that the results obtained by proposed finite element methodology is in good agreement with published results. The difference between the two results is nearly 1%.
Example 2. In this example, the results are compared with those given by Chi and Chung [10] in which classical plate theory and Fourier series expansion have been used. A simply supported FGM plate is considered for the investigation. The aspect ratio ( / ) of the plate in which = 0.1 m and " " is kept varying. Also the length to thickness ratio /ℎ is taken as 50. The properties at the top surface are = 21GPa, ] = 0.3 and those at the bottom surface are = 210 GPa, ] = 0.3. Volume fraction exponent studied was = 2 where is modulus of elasticity and ] is Poisson's ratio. The FGM plate problem with abovementioned inputs is solved by proposed finite element formulation, implemented through ANSYS Software. The properties were calculated using sigmoid law function and external mechanical load in the form of uniformly distributed load which have been applied with intensity of 10 kN/m 2 . In order to study the convergence, nondimensional transverse displacement = /ℎ and nondimensional tensile stress = / are compared with those of the published results. The comparison of present results with Chi and Chung's [10] are presented in Figures 3  and 4 . Figures 3 and 4 show the variation of maximum transverse displacement and maximum tensile stress for varying aspect ratios ( / ). An excellent agreement between the present and published results can be observed. The results show that the performance of the present formulation is very good in terms of solution accuracy. 
Thermal and Thermomechanical Analysis
The thermal and thermomechanical analysis is conducted for FGM made of combination of metal and ceramic. The metal and ceramic chosen are aluminium and zirconia, respectively. Young's modulus for aluminium is 70 GPa and that for zirconia is 151 GPa. The coefficient of thermal expansion for aluminium is 23 × 10 −6 / ∘ C and that for zirconia is 10 × 10 −6 / ∘ C. Poisson's ratio for both the materials was chosen to be 0.3. The effect of Poisson's ratio on the deformation is much less as compared to that of Young's modulus [1] . Thermal analysis was performed by applying thermal load on the FGM plate. The ceramic top surface is exposed to a temperature of 100 ∘ C. The lower metallic surface and all the edges are kept at a temperature of 0 ∘ C. The thermomechanical analysis has been performed by applying uniformly distributed load (1 6 N/m 2 ) along with thermal load on FGM plate for various boundary conditions. Various boundary conditions of plate used for the analysis are as follows: all edges are simply supported (SSSS), all edges are clamped (CCCC), alternate edges are simply supported and clamped (SCSC), alternate edges are clamped and free (CFCF), two edges are clamped and two are free (CCFF), two edges are clamped and two are simply supported (CCSS), two edges are simply supported and two are free (SSFF), three edges are simply supported and one is clamped (SSSC), three edges are simply supported and 8 International Journal of Metals one is free (SSSF), and two edges are simply supported, one edge is clamped, and one is kept free (SSCF). A square FGM plate is considered here. The thickness of the plate (ℎ) is taken as 0.02 m and the side lengths are taken as 1 m; that is, aspect ratio is taken unity and the length to thickness ratio is 50. The uniformly distributed load (udl) was equal to 1 × l0 6 N/m 2 . The analysis is performed for E-FGM and for various values of the volume fraction exponent ( ) in P-FGM and S-FGM. The results are presented in terms of nondimensional parameters, that is, nondimensional deflection ( ), nondimensional tensile stress ( ), and nondimensional shear stress ( ).
The various nondimensional parameters used are as follows.
Nondimensional deflection = /ℎ, nondimensional tensile stress ( ) = / , and nondimensional shear stress ( ) = / . " " is deflection, " " is stress, "ℎ" is plate thickness, " " and " " are side lengths of plate, and " " is applied load (1 6 N/m 2 ). The material properties of the FGM vary throughout the thickness; the numerical model is to be broken up into number of "layers" in order to capture the change in properties. These "layers" are of finite thickness and are treated like isotropic materials. Material properties are calculated using various volume fraction distribution laws. The "layers" and their associated properties are then layered together to establish the through-thickness variation of material properties. Although the layered structure does not reflect the gradual change in material properties, a sufficient number of "layers" can reasonably approximate the material gradation.
In this paper, the modeling and analysis of FGM plate is carried out using ANSYS-APDL Software. ANSYS offers a number of elements to choose from for the modeling of gradient materials. An eight-node quadratic Lagrange element with six degrees of freedom at each node for the present model is used. The FGM characteristics under thermal and thermomechanical loads are studied on a flat plate. Based on the established approach and analysis 100 × 100 mesh has been used for the analysis. These have been used for computing results unless it is stated otherwise.
Variation of Boundary Conditions in Thermal Environment.
This section discusses the results of the analyses performed on FGM plate with various boundary conditions subject to constant thermal environment. The results are presented in terms of nondimensional parameters, that is, nondimensional deflection ( ), nondimensional tensile stress ( ), and nondimensional shear stress ( ). Tables 2 and 3 show  the nondimensional deflection for various boundary conditions of a square plate in constant thermal environment for P-FGM, S-FGM, and E-FGM, respectively. In case of P-FGM and S-FGM, the comparison of various values of volume fraction exponent ( ) has been presented.
Nondimensional Deflection ( ).
The following can be observed from Tables 2 and 3 .
(a) The metal plate has the largest deflection for all the boundary conditions considered here as compared to the other FGM plate. The deflection values of FGM plate are much lower than those of fully metal plate. This clearly shows that the FGM plate can resist hightemperature conditions very well. (b) The nondimensional deflection in the ceramic rich portion may be comparable to that in the metal rich region, because the ceramic has a lower coefficient of thermal expansion than that of the metal. Hence, the nondimensional deflection depends on the product of the temperature and the thermal expansion coefficient. Therefore, the response of the graded plate is not intermediate to the metal and ceramic plate. (c) The maximum deflection occurs for clamped free (CCFF) boundary conditions and minimum deflection occurs for clamped (CCCC) boundary condition among all the cases considered here. Tables 4 and 5 show the variation of nondimensional tensile stress ( ) for various boundary conditions of a square plate in thermal environment for P-FGM, S-FGM, and E-FGM, respectively. In case of P-FGM and S-FGM, the comparison of various values of volume fraction exponent ( ) has been presented. A close study of Tables 4 and 5 reveals the following.
Nondimensional Tensile Stress ( ).
(a) The nondimensional tensile stress in the ceramic rich portion may be comparable to that in the metal rich region, because the ceramic has a lower coefficient of thermal expansion than the metal and, at the same time, ceramic has more stiffness than that of the metal. Hence, the nondimensional tensile stress depends on the product of the modulus of elasticity and the thermal expansion coefficient. Therefore, the response of the graded plate is not intermediate to the metal and ceramic plate. (b) The tensile stress increases with increasing volume fraction exponent " " for the FGM plate. (c) The maximum tensile stress occurs for simply supported clamped free (SSCF) boundary conditions and minimum tensile stress occurs for clamped free (CFCF) boundary condition among all the cases considered here. Tables 6 and 7 show the variation of nondimensional shear stress ( ) for various boundary conditions of a square plate in thermal environment for P-FGM, S-FGM, and E-FGM, respectively. In case of P-FGM and S-FGM, the comparison of various values of volume fraction exponent ( ) has been presented. The following can be observed from Tables 6 and 7 .
Nondimensional Shear Stress ( ).
(a) The isotropic ceramic and metal plate has the lowest shear stress for all the boundary conditions considered here. (b) The shear stress becomes higher with increasing for the FGM plates. (c) The maximum shear stress occurs for simply supported clamped (SSSC) boundary conditions and The nondimensional deflection, tensile stress, and shear stress for S-FGM remain closer for various values of " " as compared to those of P-FGM since material gradation is more uniform in S-FGM as compared to P-FGM.
Comparison of P-FGM, S-FGM, E-FGM, Ceramic, and
Metal. It is also interesting to see the comparison of various parameters like nondimensional deflection, tensile stress, shear stress, transverse strain and shear strain for ceramic, metal, and FGMs following power law, sigmoid, and exponential distribution. Figures 5, 6 , and 7 show the comparison graphs for pure ceramic ( = 0), pure metal ( = ∞), P-FGM ( = 2), P-FGM ( = 0.5), S-FGM ( = 2), S-FGM ( = 0.5), and E-FGM.
Nondimensional Deflection ( ).
The following is observed from Figures 5, 6 , and 7.
(a) The nondimensional deflection for the three FGMs is more than that of the ceramic and metal.
(b) The nondimensional parameters, for example, tensile stress and shear stress, for the three FGMs are less than those of the ceramic and metal. observable that the coefficient of thermal expansion of the P-FGM ( = 0.5) plate is more than that of E-FGM plate and stiffness of the E-FGM plate is more than that of P-FGM ( = 2). Figure 6 . Figure 7 .
Nondimensional Tensile Stress ( ). See
Nondimensional Shear Stress ( ). See
Variation of Boundary Condition in under UDL in
Thermal Environment. This section discusses the results of the analyses performed on FGM plate with various boundary conditions subject to constant UDL in thermal environment. The results are presented in terms of nondimensional parameters, that is, nondimensional deflection ( ), nondimensional tensile stress ( ), and nondimensional shear stress ( ). Tables 8 and 9 show nondimensional deflection ( ) for various boundary conditions of a square plate under uniformly distributed load in thermal environment for P-FGM, S-FGM, and E-FGM, respectively. A study of Tables 8 and 9 reveals the following information.
Nondimensional Deflection ( ).
(a) The nondimensional deflection in the ceramic rich portion may be comparable to that in the metal rich region. The nondimensional deflection is maximum for the case of pure metal ( = ∞) and pure ceramic ( = 0). The nondimensional deflection of both the metallic and the ceramic plates is higher in magnitude than the graded plates. The deflection therefore depends on the product of the temperature and the thermal expansion coefficient. Therefore, the response of the graded plates is not intermediate to the metal and ceramic plates.
(b) The deflections become higher with increasing . It is observed that when thermal effect is induced, the bending response of the functionally graded plate is not necessarily intermediate to those of the metal and the ceramic plate.
(c) It is also found that the maximum deflection occurs for simply supported free (SSFF) boundary conditions and minimum deflection occurs for clamped (CCCC) boundary condition for all the cases considered here. Tables 10 and 11 show the variation of nondimensional tensile stress ( ) for various boundary conditions of a square plate under uniformly distributed load in thermal environment for P-FGM, S-FGM, and E-FGM, respectively. In case of P-FGM and S-FGM, the comparison of various values of volume fraction exponent ( ) have been presented. The following can be observed from Tables 10 and 11 .
Nondimensional Tensile Stress ( ).
(a) The isotropic ceramic and metallic plates have the lowest tensile stress for all the boundary conditions considered here. In the presence of the above temperature field, compression occurs at the top surface while tension is at the bottom surface. Excepting fully ceramic or fully metal plates, the stress distribution of FGM plates has a similar trend. The nondimensional tensile stress is minimum for the case of pure metal ( = ∞) and pure ceramic ( = 0).
(b) The tensile stress becomes higher with increasing . This is due to the fact that the bending stiffness is the maximum for ceramic plate, while being minimal for metallic plate, and degrades continuously as increases.
(c) The nondimensional tensile stress therefore depends on the product of the temperature and the thermal Tables 12 and 13 show the variation of nondimensional shear stress ( ) for various boundary conditions of a square plate under uniformly distributed load in thermal environment for P-FGM, S-FGM, and E-FGM, respectively. In case of P-FGM and S-FGM, the comparison of various values of volume fraction exponent ( ) has been presented. The following can be observed from Tables 12 and 13 .
Nondimensional Shear Stress ( ).
(a) The isotropic ceramic and metallic plate has the lowest shear stress for all the boundary conditions considered here. In the presence of the above temperature field, compression occurs at the top surface while tension is at the bottom surface. Excepting fully ceramic or fully metal plates, the stress distribution of FGM plates has a similar trend. The nondimensional tensile stress is minima for the case of pure metal ( = ∞) and pure ceramic ( = 0).
(b) The shear stress becomes higher with increasing . This is due to the fact that the bending stiffness is maximum for ceramic plate, while being minimal for metallic plate, and degrades continuously as increases.
(c) The response of the graded plates is not intermediate to the metal and ceramic plates.
(d) It is also found that the maximum shear stress occurs for simply supported free (SSFF) boundary conditions and minimum shear stress occurs for clamped (CCCC) boundary condition for all the cases considered here.
The nondimensional deflection, tensile stress, and shear stress for S-FGM remain closer for various values of " " as compared to those of the P-FGM since material gradation is more uniform in S-FGM as compared to P-FGM.
Comparison of P-FGM, S-FGM, E-FGM, Ceramic, and
Metal. It is also interesting to see the comparison of various parameters like nondimensional deflection, tensile stress, shear stress, transverse strain, and shear strain for ceramic, metal, and FGMs following power law, sigmoid, and exponential distribution. Figures 8, 9 , and 10 show the comparison graphs for pure ceramic ( = 0), pure metal ( = ∞), P-FGM ( = 2), P-FGM ( = 0.5), S-FGM ( = 2), S-FGM ( = 0.5), and E-FGM. Figure 8 . Figure 9 .
Nondimensional Deflection ( ). See
Nondimensional Tensile Stress ( ). See
The following is observed from Figures 8, 9 , and 10:
(a) The nondimensional parameters deflection, strain, and shear strain for the three FGMs are maximum for the ceramic and metal.
(b) The nondimensional parameters tensile stress and shear stress for the three FGMs are minimum for the ceramic and metal.
(c) P-FGM ( = 0.5) plate has the smallest deflection and stress among all kinds of FGM plate. The reason is observable in which the stiffness of the P-FGM ( = 0.5) plate is more than that of E-FGM plate and stiffness of the E-FGM plate is more than that of P-FGM ( = 2).
Nondimensional Shear Stress ( ).
See Figure 10 .
Conclusion and Future Scope
(a) It is seen that the intermediate response of graded plates under thermal and thermomechanical loads is quite different from the pure mechanical load [20] . The deflections become higher with increasing . It is observed that when thermal effect is induced, the bending response of the functionally graded plate is not necessarily intermediate to those of the metal and the ceramic plate.
(b) The nondimensional deflection of isotropic plates (pure metal and pure ceramic) is higher in magnitude than the graded plates. The deflection therefore depends on the product of the temperature and the thermal expansion coefficient. Therefore, the response of the graded plates is not intermediate to the metal and ceramic plates. It is clear that the FGM plates can resist high-temperature conditions very well. (c) The maximum deflection occurs for clamped free (CCFF) boundary conditions and minimum deflection occurs for clamped (CCCC) boundary condition under thermal load while, under thermomechanical load, the maximum deflection occurs for simply supported free (SSFF) boundary conditions and minimum deflection occurs for clamped (CCCC) boundary condition.
(d) The maximum tensile stress under thermal load occurs for simply supported clamped free (SSCF) boundary conditions and minimum tensile stress occurs for clamped free (CFCF) boundary condition while, under thermomechanical load, the maximum tensile stress occurs for simply supported free (CCFF) boundary conditions and minimum tensile stress occurs for clamped (SCSC) boundary condition.
(e) The isotropic ceramic and metallic plates have the lowest tensile and shear stress for all the boundary conditions considered here. In the presence of the above temperature field, compression occurs at the top surface while tension is at the bottom surface. Excepting fully ceramic or fully metal plates, the stress distribution of FGM plates has a similar trend.
(f) The maximum shear stress under thermal load occurs for simply supported clamped (SSSC) boundary conditions and minimum shear stress occurs for clamped (CCCC) boundary conditions while, under thermomechanical load, maximum shear stress occurs for simply supported free (SSFF) boundary conditions and minimum shear stress occurs for clamped (CCCC) boundary condition.
(g) The nondimensional deflection, nondimensional tensile stress, and nondimensional shear stress for S-FGM remain closer for various values of " " as compared to those of the P-FGM.
The efforts taken in this work are to solve and analyze FGM plate with various loadings and boundary conditions should pave a way for more research in the future.
(1) More complex geometries can be taken for analysis.
The geometries to be analyzed can be selected in such a way that they could be used in real-time engineering in the future.
(2) A further investigation of functionally graded plate structures with material properties varying in directions other than through the thickness is recommended.
(3) Since the prediction of the thermomechanical properties is not a simple task, the techniques for estimating effective material properties of functionally graded material structure are required.
